Abstract Unio tumidus is a native European freshwater mussel from the family Unionidae. These mussels have a unique system of mitochondrial DNA inheritance called doubly uniparental inheritance (DUI). Under DUI, two types of mitochondrial DNA are present: haplotype F (female genome)-inherited from mother and haplotype M (male genome)-inherited from fathers to male offspring. The F genome occurs in eggs and in somatic tissues of both sexes, whereas the M genome is present in male gonads and gametes. We characterized three M and three F mitochondrial genomes of Unio tumidus. The lengths of these genomes were 15769-15770 bp for F type and 16607 bp for M type. In both genomes, the set of 38 genes which is typical for Unionidae was identified: 37 metazoan genes and gender-specific ORFs. The non-coding sequences constituted only 5.2 and 3.5% of F and M genome, respectively. Both genomes were similarly high in average AT content (65-66%) but intraspecific nucleotide diversity amongst the three M genomes of U. tumidus was four times lower than amongst F genomes. The patterns of polymorphisms across the mitogenomes of the closest relatives confirmed that the M genomes accumulate more substitutions and the conserved regions within one lineage are also conserved in the other.
Introduction
Freshwater bivalves of the order Unionoida represent the largest bivalve radiation in freshwater. They are divided into six families (Etheriidae, Hyriidae, Iridinidae, Margaritiferidae, Mycetopodidae, and Unionidae), 181 genera, and about 840 species. The largest and most widespread of the six families of Unionoida is the Unionidae, with 674 species, that occur in all geographic regions (Graf & Cummings, 2007; Bogan, 2008; Bogan & Roe, 2008) .
There are 14 species of Unionidae in Europe (www. faunaeur.org, Araujo et al., 2005 Araujo et al., , 2009 Graf, 2007; Graf & Cummings, 2007) , of which three are considered endangered and are protected by law (Unio crassus, Anodonta cygnea, and Pseudanodonta complanata). Almost all European species are native, with the exception of Sinanodonta woodiana, originating from SouthEast Asia (Petró, 1984; Kiss, 1995; Afanasiev et al., 1997; Kraszewski & Zdanowski, 2001; Sousa et al., 2014; Labecka & Domagala, 2016) . The species chosen for analysis in this study, Unio tumidus, is native to Central and Western Europe. It is relatively common in Poland, forming numerous and stable populations in rivers and lakes (Piechocki & Dyduch-Falniowska, 1993) . Therefore, it is not expected to show genetic signs of recent rapid demographic processes such as bottleneck and founder effects.
In addition to biparentally inherited nuclear genome, a typical animal cell contains small, closed, circular DNA molecules in its mitochondria. These genomes are usually approximately 16 kb in size and very conservative with regard to gene contents and size. They contain 37 genes encoding 13 protein subunits of the enzymes of the oxidative phosphorylation (OXPHOS) system (nad1-nad6, nad4L, cox1-cox3, cytb, atp6, and atp8), the two rRNAs of the mitochondrial ribosome (srRNA and lrRNA), and the 22 tRNAs necessary for the translation of the proteins encoded by mtDNA (Avise, 1986; Moritz et al., 1987; Boore, 1999) . These genomes usually exhibit strict maternal inheritance (SMI). However, a different mode of mitochondrial inheritance has been discovered in marine mussels Mytilus and called doubly uniparental inheritance (DUI) (Fisher & Skibinski, 1990) .
Currently, DUI has been confirmed in several bivalve families (Mytilidae, Unionidae, Margaritiferidae, Hyriidae, Veneridae, Donacidae, Nuculanidae, Mactridae, Arcticidae, and Solenidae), suggesting widespread occurrence of the phenomenon in bivalves (Skibinski et al., 1994; Zouros et al., 1994; Rawson & Hilbish, 1995; Hoeh et al., 1996a; Liu et al., 1996; Passamonti & Scali, 2001; Hoeh et al., 2002; Curole & Kocher, 2005; Walker et al., 2006; Soroka, 2008; Theologidis et al., 2008; Boyle & Etter, 2013; Huang et al., 2013; Plazzi, 2015; Soroka & Burzyński, 2015 Dégletagne et al., 2016) . Under DUI, two types of mitochondrial DNA are present: haplotype F (female genome)-inherited according to SMI and haplotype M (male genome)-inherited from fathers to sons. Consequently, all males are heteroplasmic for two, sometimes very divergent haplotypes. Usually, the M haplotype is predominantly present in male gonads and gametes, whereas in somatic tissues, the F haplotype dominates. Both M and F genomes are usually quite similar in size and gene contents but the M haplotype accumulates substitutions faster (Stewart et al., 1995; Hoeh et al., 1996b; Zouros, 2000; Zbawicka et al., 2010) . Given the fact that mitochondrial genomes already evolve 5-10 times faster than typical single-copy nuclear DNA (Avise, 1986; Avise et al., 1987; Moritz et al., 1987) , these genomes are examples of very dynamic genetic systems.
Gender-specific ORFs (open reading frames) have been discovered in M and F genomes of Unionidae (Breton et al., 2009; Breton et al., 2011; Ghiselli et al., 2013; Milani et al., 2013) . These ORFs could be responsible for the different modes of transmission of the mtDNA and/or gender-specific adaptive functions of the M and F mtDNA genomes in unionoid bivalves (Breton et al., 2009) . Despite the lack of any recognizable similarity to genes of known function and generally very fast evolution leading to rapid loss of sequence homology, these ORFs were identified in all published mt genomes of DUI Unionidae (Soroka, 2010a; Soroka & Burzyński, 2010; Huang et al., 2013; Mitchell et al., 2016) .
In addition to gender-specific ORFs, the cox2 gene differs substantially in length between F and M genomes of Unionidae: the M-type protein is usually more than 150 amino acids longer (Curole & Kocher, 2002 . It has been postulated that it may be involved in functions other than electron transfer in complex IV, such as gamete maturation, fertilization, and/or embryogenesis (Chakrabarti et al., 2006 (Chakrabarti et al., , 2007 (Chakrabarti et al., , 2009 Chapman et al., 2008) . These speculations are substantiated by earlier reports of enhanced expression of cox2 during rat and human spermatogenesis (Saunders et al., 1993; Liang et al., 2004) .
The aim of this study was to characterize M and F mitochondrial genomes from the European freshwater mussel Unio tumidus. The presence of DUI in this species was confirmed but only individual mitochondrial genes have been characterized (Soroka, 2010b) . Here we present, sequenced for the first time, the complete sequences of both genomes, first such case in the genus Unio and second among European Unionidae after Anodonta anatina (Soroka & Burzynski, 2015 . The motivation to increase the taxonomic coverage of M and F mitochondrial genomes stems from the belief that comparison between the two genomes should improve our understanding of mitochondrial genome evolution as this unusual system offers in essence the mitochondrial evolution in two replicates. Therefore, the focus of our comparative analysis is on the common parts of the two genomes.
Materials and methods
Sampling of U. tumidus mussels was performed in northern Poland in May and June 2006, during the breeding season. Four mussels were collected from the river Oder near Szczecin (specimens 155, 157, 158, and 159) and two from the lake Sosnowe near Człuchów (specimens 203 and 207). The mussels were sexed by microscopic examination of gonads: specimens 157, 159, and 203 were males; specimens 155, 158 and 207 were females.
DNA was isolated using Qiagen DNeasy Tissue Kit (Germany). Mitochondrial DNA was amplified in two overlapping Long Range PCRs (LR-PCR), with lineage specific primers, as described previously (Soroka & Burzynski, 2010) . The sequence of each LR-PCR amplicon was obtained by primer-walking approach (Zbawicka et al., 2007; Soroka & Burzynski, 2010) . All PCR products were purified by ExoSap procedure (Werle et al., 1994) and sequenced directly using BigDye Terminator chemistry in Macrogen (South Korea).
Raw sequence reads were assembled in complete genomes using software tools from Staden package (Staden et al., 2001) . Protein coding and rRNA annotations were conducted as described previously (Soroka & Burzyński, 2010) . The prediction and annotation of tRNA gene positions and structures were done using arwen software (Laslett & Canbäck, 2008) . The six complete mtDNA sequences of U. tumidus mitochondrial genomes sequenced in this study have been deposited in GenBank (KY021073-KY021078). All the information, including sex and specimen numbers, are included in GenBank records.
Selection of mitochondrial genomes for comparative analysis was done based on Blast searches against nr GenBank database (Camacho et al., 2008) . Three criteria were used: availability of complete M and F genomes for the species, reasonably close genetic distance to the sequences described here, and the same genome organization. Six species were selected for the final analysis (Table 1) . Since the M and F genomes of Unionidae differ in structure, in order to allow their alignment, the longest possible colinear fragments of the genomes from both lineages were selected ( Fig. 4 ; Table 1 ). Notably, the five species from the Gonideini (Unio japanensis, Hyriopsis cumingii, Lamprotula leai, Potomida littoralis, and Solenaia carinatus) have also different order of genes between cox2 and srRNA in the F genome (Breton et al., 2009 ) and were not considered for this analysis. The first fragment (A) spans the region of the genome starting at the trnQ gene an ending at nad4L. The second fragment (B) starts at atp6 gene and ends at nad3; the third one (C) starts at nad2 and ends at nad5. The alignment of the three fragments was constructed using clustalW algorithm (Thompson et al., 2002) , for all seven species and both lineages, for a total of three alignments, 14 sequences each. One representative genome of U. tumidus was used in sliding window analysis but the final results did not depend on the choice. The obtained alignments were inspected for the potential problems requiring manual intervention or filtering of poorly aligned fragments. However, no such problems were encountered: all annotated features aligned well and the intergenic regions present in A, B, and C genomic fragments were very short. The single, long indel constituted the well known M cox2 extension, and this part also aligned well, forming the expected pattern with a large insert in the M-type sequences. Therefore, in order to avoid data loss or bias, no filtering or trimming procedure was applied, taking also into account that sites with alignment gaps were excluded from all analyses anyway.
To assess and compare the patterns of polymorphisms across the genomes in intra and inter lineage comparisons, a sliding window approach was used in DnaSP (Librado & Rozas, 2009 ). The alignments of three colinear mitogenome fragments (Table 1) of the seven closest relatives were used for this purpose. The sequence polymorphism (expressed as nucleotide diversity, p) within the F and M lineage was calculated in the sliding window of 200 bp along the alignment. Simultaneously, the genetic distance (Dxy) between M and F groups was calculated. Alignment gaps were excluded from calculating diversity but did count towards the position of the midpoint of the sliding window. To recover the data for the area of cox2 extension present in M genomes only, separate sliding window analysis was run within the M genome dataset.
Phylogenetic analysis was done using single nucleotide alignment obtained by concatenatenation of the three individual alignments (Table 1) . Rational data partitioning was not possible due to several frameshift errors in the reference GenBank records; moreover, the phylogenetic signal was strong and consistent enough to use non-partitioned data safely. All six U. tumidus mitogenomic sequences were used in this analysis. The divergence of M and F mitogenomes greatly pre-dates the subfamily level differentiation in the studied group. This not only makes the M and F sequences the best choices of outgroups for each other but also poses difficulties when more distant sequences are aligned with them as more columns are then excluded from the analysis, lowering the resolution. Since the only purpose of the phylogenetic analysis was verification of the phylogenetic context of the newly sequenced mitogenomes, no outgroup sequences were used in comparative analyses. Both simple but computationally efficient Neighbour-Joining (NJ) phenetic method and more sophisticated Maximum Likelihood (ML) phylogenetic approach were used. The models of molecular evolution for ML reconstruction were evaluated using four criteria: hierarchical likelihood ratio test (hLRT), Bayesian information criterion (BIC), Akaike Information Criterion (AIC) as well as Akaike-corrected information criterion (AICc). The same GTR?G model was favoured by all criteria (Supplementary Table S1 ) and used in subsequent phylogenetic reconstruction, using PHYML algorithm (Guindon & Gascuel, 2003) . Rate heterogeneity among sites was approximated with four rate categories but all model parameters were estimated along with the tree topology. To evaluate stability of the topology, the bootstrap procedure was used with 100 replicates. All phylogenetic analyses were performed in CLC Genomics Workbench (QIAGEN). There was full congruence of the tree topologies obtained by both methods; therefore, only the results of ML method are presented.
The MEGA6 program (Tamura et al., 2013 ) was used to evaluate nucleotide composition and codon counts and relative synonymous codon usage (RSCU) (Sharp et al., 1986) as well as genetic distances: K a , K s and protein p-distances, under default parameters. For the two amino acids having more than one mitochondrial tRNA (leucine and serine) RSCU was calculated separately for each set of codons. To calculate intraspecific nucleotide diversities uncorrected nucleotide p-distances were used. Free energy calculations (DG) and drawings of predicted tRNA structures were done using Vienna software (Lorenz et al., 2011) , under the default set of parameters, except for the temperature. Rather than the default 37°C, the more realistic 20°C was used.
Genetic maps were created in CLC Genomics Workbench, except for the compositional bias charts which were made in cgview (Stothard & Wishart, 2005) and overlaid with the maps. Results
Mitochondrial genome organization of U. tumidus
The three sequenced F type genomes were 15769-15770 bp long, while the three M-type genomes were 16607 bp long. The detailed genetic map of the representative genomes from both lineages is presented in Fig. 1 . The orientation of the genomes in figure is chosen based on the number of genes encoded in that direction. Apparently, this ''plus'' DNA strand is lighter (5,100 kDa in M, 4,845 kDa in F) but the ''minus'' strand encodes longer genes and weights more (5,159 kDa in M and 4,897 kDa in F). Annotation of protein coding genes (CDS) led to prediction of similar lengths of genes in both types of genomes. In about 50% of cases the M forms are longer, on average by 8.5% but obviously mainly due to much longer cox2. In one case only (cox3), both forms have the same length. There are three cases of short overlaps between gene annotations in the F genomes. The longest, 8 bp overlap between nad4 and nad4L is characteristic for all published Unionidae F genomes; the remaining overlaps are specific for U. tumidus but are very short, limited to single bp overlaps at two gene boundaries, nad4L-atp8 and nad2-trnM. Moreover, the last one is probably purely formal, without any biological consequences, since it consists of an A nucleotide which will be most likely re-created at the end of nad2 transcript by polyadenylation. There are also two cases of potential overlaps between gene annotations in the M genomes. The single bp overlap at nad1-trnG gene boundary is probably of a similar nature as the above mentioned nad2-trnM overlap in the F genome. The second potential overlap exists between cytb and trnF genes but no obvious candidate for the stop codon exists in this area. Therefore, it was tentatively assumed that the codon starting with ''TA'' and yielding a protein of similar length as in the F genome is the actual stop codon filled in by polyadenylation.
These genomes are quite compact, the non-coding regions (NCRs) account for only 5.2% of the F genome and 3.5% of the M genome. Substantial fraction (44%) of all NCRs was found in short (\10 bp) fragments, an average length of 31 bp in F and 24 bp in M genome. There were three NCRs common to M and F genomes: NCRa (in the F genome between nad5 and trnQ; in the M genome between trnH and trnQ), NCRb (between trnF and nad5), and NCRc (for the F genome between nad3 and trnA excluding trnH; for the M genome between nad3 and trnA). Together they constitute 59 and 52% of all NCRs in F and M genomes, respectively. Intralineage structural polymorphism in NCRs is negligible; there is only one indel in F NCRa. The M-F divergence in NCRa, b and c is quite high: 10, 19, and 32%, respectively, with the average at 26% ( Table 2) . The NCRs are very AT rich (75%), even when the overall genome composition is taken into account. The AT content in both types of genomes is similar: 66.3% in the F genome and 65% in the M genomes. The compositional asymmetry (the differences in ATskew) is associated with the direction of transcription ( Fig. 1) : lower-than-average AT-skew is present in parts transcribed in forward direction, while higherthan-average AT-skew is present in parts transcribed in reverse direction. This is also similar in M and F type genomes.
Codon usage was analysed across both types of genomes (Supplementary Table S2 ). Most codons showed visible bias, with RSCU values frequently substantially higher or lower than 1. However, the bias was very similar in M and F type genomes. Local compositional bias is the natural source of nonrandom use of codons in mitochondrial genomes. Selecting compositionally biased regions would be a subjective decision; therefore, codon usage bias was also analysed separately for genes differing in the direction of transcription as these features are correlated (Fig. 1) , and the span of genes is far less subjective. An interesting pattern was found and is presented in Table 3 . The two groups of genes showed consistent and very specific bias across both types of genomes. For all genes encoded on the ''plus'' strand, the codon having an ''A'' at the last position is always preferentially used. If the codons do not differ in the ''A'' contents, there was no pronounced bias. Contrary to this, for genes encoded on the ''minus'' strand, only the codons ending with ''T'' were always preferred.
Intraspecific genetic diversity
The intralineage nucleotide diversity (p) among the three F genomes is 0.4%. There are 96 polymorphic sites, with majority of substitutions represented by transitions. The majority (77%) of polymorphic sites is localized in CDS, but a significant fraction (15%) is also present in NCRs. The nucleotide diversity among the three M genomes is 0.1%; there are 20 polymorphic sites, 90% of them in CDS. However, all recorded substitutions in the F lineage are synonymous, while all substitutions recorded in the M lineage are nonsynonymous ( Table 2) .
The average interlineage nucleotide diversity can only be measured in specific parts as the M and F genomes are not colinear. The distances recorded for individual genes of the M and F genomes are listed in Table 2 . For example, the rRNA genes were only marginally longer in the M than in the F genomes, and there was no intraspecific intralineage length polymorphism. There were also no substitutions in the M lineage, whereas the F lineage polymorphism was low but measurable in rRNA genes (0.1 and 0.2% for srRNA and lrRNA, respectively). The genetic distance between the M and F genomes was relatively low, at 22% (Table 2) .
Intralineage diversity in some tRNA genes was limited to at most single substitutions per gene. There were only six such cases. These substitutions did not influence the stability of tRNA structures (Fig. 2) . The biggest change in free energy occurred in trnG from the F genome. In this case, the G/A substitution occurred within the stem structure. The mutated ''A'' version had substantially higher free energy (DG = -10.02) than the more frequent G variant, but the structure remained more stable than some other trn genes (for example in trnC from the M genome). The overall length of all trn genes in F genome is 1421 bp, with average length of a single gene at 65 bp. In the M genome, these values are a little higher, at 1448 and 66 bp, respectively. These parts of the studied genomes are very conserved, with the average distance between M and F genomes ranging from 14% in trnG to 35% in trnS1 (24% average). Despite these differences all tRNAs encoded by both types of genomes use a ''U'' at the first anticodon position whenever possible, with the exception of only the start methionine tRNA which has classic CAU anticodon (instead of possible UAU).
Patterns of substitutions across the genomes
We wanted to focus our analysis on the common parts of both types of genomes as they essentially represent two replicates of mitochondrial genome in the same The p-distance at nucleotide and amino acid level as well as synonymous (K s ) and non-synonymous (K a ) distances are shown. K s and K a were calculated using Nei-Gojobori method (Nei & Gojobori, 1986) . Standard error estimates (in parentheses) were obtained by a bootstrap procedure (2,000 replicates). All positions containing gaps were eliminated. Analyses were performed in MEGA6 (Tamura et al., 2013) phylogenetic context. The mitogenomic data from six available Unionidae M and F pairs along with six U. tumidus genomes were used in phylogenetic analysis. There was full congruence between two methods used (ML and NJ), both in terms of full support of the obtained topology and in similarity of relative branch lengths. The ML tree is presented in Fig. 3 as an example. Full congruence between topologies of M and F clades can be observed. To access and compare the patterns of polymorphisms across the genomes in intra-and interlineage comparisons, a sliding window approach was used (Fig. 4) . The general trend of the M genomes to accumulate more substitutions is visible. On the other hand, the conserved regions within one lineage are also conserved in the other. The genes regarded as the most conserved parts of the genomes like for example rRNA genes with clusters of trn genes flanking them can be identified as conserved in each lineage separately as well as in interlineage comparison. However, the patterns of divergences are far from uniform, and some parts of the M genome are more variable than other parts of the F genome: middle part of cox1 in M is less variable than the beginning of atp6 in F, for example. There are regions of the F genome which are much more polymorphic than even the average M genome polymorphism (ea. the 3 0 flank of the nad6 in A). However, all three lines are roughly parallel, indicating that the more polymorphic regions in M are usually also more polymorphic in F, and the same regions are also responsible for higher between lineage divergences. There are only few exceptions where the polymorphisms do not match. One is located in fragment B, within the cox1 gene, in apparently most conservative parts of the genome. The other is located within the NCR adjacent to nad5, in this case also the overall pattern of M-F divergence is in conflict with the apparently more conservative M lineage. The third, less obvious anomaly is at the beginning of the cox2 gene, where the F lineage is apparently more conserved than expected based of M-F and M comparisons.
Discussion
Typical set of 38 genes was identified in female and male mitochondrial genomes of U. tumidus, including both the canonical metazoan set of 37 genes and a gender-specific ORF characteristic for Unionidae (Avise, 1986; Boore, 1999; Breton et al., 2009 Breton et al., , 2011 . The genetic distance between the two Fig. 2 The secondary structures of polymorphic tRNA genes, along with their free energies. See text for details types of sequenced genomes was higher than in most DUI bivalves, a feature typical for Unionidae (Bettinazzi et al., 2016) . Gene order did not differ from the order reported for the majority of Unionidae F genomes, with 27 genes on the formally L strand and 11 on the H strand, although the difference of mass between the two strands is barely noticeable in this species, the H strand is only 1.1% heavier than the L strand.
In Unionidae, M genomes are longer than F genomes (by about 7%), mainly due to the presence of the cox2 extension (Curole & Kocher, 2005; Breton et al., 2007; Chakrabarti et al., 2007; Chapman et al., 2008; Huang et al., 2013) . In U. tumidus, the difference between F and M genome is only 5.3%, similar to Quadrula quadrula (5.8%), but still much greater than the 2.3% reported in Solenaia carinatus (Huang et al., 2013) . This relatively smaller-thanaverage difference is not due to the shorter cox2 extension; on the contrary, this extension is actually longer in U. tumidus (591 bp) than in other reported genomes (from 543 to 582 bp). However, the longer M genome contains smaller amount of NCRs (3.5% only), hence the difference.
The longest non-coding regions (NCRs) are supposed to play a key role in mtDNA functioning and maintenance. In Unionidae, the localization of these important functions is problematic because the NCRs are unusually short, and several candidates are considered. In U. tumidus, all the major NCRs reported for other Unionidae are present: NCRa, NCRb, and NCRc (Breton et al., 2009) . NCRb in U. tumidus is the shortest (43 bp) but very AT rich (91 and 81%, respectively, for F and M). NCRa and NCRc are longer (82-306 bp) and moderately AT rich (74-76%), in line with the data for other Unionidae (Breton et al., 2009; Soroka, 2010a; Soroka & Burzyński, 2010; Plazzi et al., 2013) . This is in sharp contrast with NCRs of marine bivalves having longer ([1100 bp) and less AT rich (60-66%) NCRs (Cao et al., 2004; Mizi et al., 2005; Burzyński & Ś mietanka, 2009; Guerra et al., 2014) .
Although the three sequences are not expected to be representative for the intraspecific diversity, the comparison hints at low overall intraspecific diversity. The values formally calculated from such data show low level of polymorphism, ranging from 0.03% in F genome of U. pictorum to 0.4% in the F genome of U. tumidus and 0.4% in Anodonta anatina (Soroka & Burzyński, 2015) . These nucleotide diversities may indicate small effective population size of these species in Poland (Soroka & Burzyński, 2010) . This is further confirmed by similar level of M genome polymorphism, at the level of 0.1% in two of the species, U. tumidus and A. anatina (Soroka & Burzyński, 2016) . The overall sequence polymorphism observed in Seven species with both M and F lineages were used, as listed in Table 1 . Red line indicates nucleotide diversity within the group of seven F genomes, and green line indicates the diversity within the group of seven M genomes, while the black line indicates the distance between the two groups, expressed as Dxy. The calculations were done in DnaSP. The approximate positions of the genes in the alignments are shown above each plot intraspecific comparisons is not surprising. However, the comparison of M and F data seems to contradict the general pattern of usually observed higher polymorphism in the M lineage: polymorphism observed in the F lineage is marginally higher in U. tumidus. However, since the values for both genomes are relatively low and the sample size is too small to perform statistical tests, these data can only be cautiously interpreted as unexpected.
The strong correlation between local AT-skew and the direction of translation has been noted previously (Soroka & Burzyński, 2010 , 2015 and seems to be characteristic for all Unionidae mitochondrial genomes, with possible exception of MORF gene (Fig. 1) . The apparent co-occurrence of a very strong codon usage bias seems to indicate common origin of both phenomena. However, the simplest explanation of the codon usage bias by compositional skew does not hold since the direction of the codon usage bias is not always correlated with the direction of the skew. All transcripts are enriched in T (negative AT-skew in forward and positive AT-skew in reverse direction). However, only the genes encoded in reverse use T-bias codons, as expected. The forward encoded genes use A-biased codons instead. There are three exceptions from the correlation between AT-skew value and the transcriptional direction in the M genome: the MORF, nad3, and the cox2 extension. All these genes are known for their relatively relaxed selection hinting at the balance between selection and mutational pressure as the sources of these compositional phenomena.
The phylogenetic analysis is showing the usual gender-joining pattern typical of unionids (Fig. 3) . However, the patterns of substitutions across the alignment are more informative. Remarkably, the lines in Fig. 4 are nearly parallel indicating the congruence between factors shaping the polymorphism of these genomes both within each lineage (M and F) and in the general phylogenetic context of the seven related species. Moreover, the deviations from this rule point at the regions of particular importance, the area between trnF and nad5 indicates the greater importance of this NCR for the M than for the F genome, perhaps related to its function. RefSeq database contains sub-genomic annotations for all mitochondrial encoded gene products. According to this database, the part of the cox1 showing similar pattern is responsible for the interaction with nuclear subunit of the OXPHOS complex, cox6a. Because it seems to pose a very strong constrain in both lineages as well as between lineages, it is tempting to speculate that this gene exists in one version only in Unionidae. Given the well known difference in cox2 between lineages, it is not surprising that this whole gene may experience different constrains in each lineage (Chapman et al., 2008) .
